The relativistic density functional with minimal density dependent nucleon-meson couplings for nuclei and nuclear matter is extended to include tensor couplings of the nucleons to the vector mesons. The dependence of the minimal couplings on either vector or scalar densities is explored. New parametrisations are obtained by a fit to nuclear observables with uncertainties that are determined self-consistently. The corresponding nuclear matter parameters at saturation are determined including their uncertainties. An improvement in the description of nuclear observables, in particular for binding energies and diffraction radii, is found when tensor couplings are considered, accompanied by an increase of the Dirac effective mass. The equations of state for symmetric nuclear matter and pure neutron matter are studied for all models. The density dependence of the nuclear symmetry energy, the Dirac effective masses and scalar densities is explored. Problems at high densities for parametrisations using a scalar density dependence of the couplings are identified due to the rearrangement contributions in the scalar self-energies that lead to vanishing Dirac effective masses. PACS. 21.60.Jz Nuclear Density Functional Theory and extensions -21.10.-k Properties of nuclei; nuclear energy levels -21.65.Mn Equation of state of nuclear matter
Introduction
Since the application of the relativistic mean-field (RMF) approach in the framework of quantum hadron dynamics, various kinds of a relativistic energy density functionals (EDFs) have been developed in the theoretical description of atomic nuclei and nuclear matter, see, e.g., [1, 2, 3, 4] . In these types of phenomenological approaches the strong interaction between nucleons is described in an effective way by the exchange of mesons. In most cases a minimal coupling of mesons to the nucleons is considered with a strength that is determined by the corresponding coupling constants. As a result every nucleon i moves in vector (V i ) and scalar (S i ) mean fields. The coupling strengths are usually obtained by fitting the model predictions of nuclear observables to experimental data. Sometimes also nuclear matter parameters, which are extracted indirectly from properties of nuclei or experiments with heavy-ion collisions, are used as constraints. In order to obtain a good quantitative description, a medium dependence of the effective interaction has to be considered. This is most often realized by nonlinear self-couplings of the mesons or a density dependence of the nucleon-meson couplings.
Many parametrisations [5] have been developed for different applications. The effects of other types of interaction vertices, e.g., with derivative couplings [6, 7, 8, 9, 10, 11, 12, 13, 14, 15] or tensor couplings, are less intensively explored.
The first parametrisation of a RMF model with ω and ρ tensor couplings, VT, found from a fit to nuclear observables, was introduced in [16] . A systematic variation of the coupling strengths showed no strong sensitivity of most observables to the tensor contributions and only a slight improvement with a finite ω tensor coupling. However, a decrease of the incompressibility K of nuclear matter and larger effective nucleon masses were found. The application of RMF calculations with a ρ tensor coupling was extended from spherical to deformed nuclei in [17] . The dependence of spin-orbit splittings on the strength of the ρ tensor coupling was explored in [18] . Adding a ρ tensor coupling to existing RMF parametrisations, the modification of the neutron skin thickness of nuclei was studied later in [19] . Tensor coupling terms were derived from a systematic expansion in an effective approach using chiral symmetry in [20] and two new parametrisations, G1 and G2, were obtained by a fit to nuclear observables with much stronger ρ tensor couplings than ω tensor cou-plings. The effects on spin-orbit splittings and the effective mass were studied in [21] . Small effects were found in another parametrisation, NL-VT1, determined in the framework of RMF models with nonlinear self-couplings of the mesons, which was applied to the study of super-heavy nuclei [22] . The same interaction was used in [23] for a comparison of single-particle spectra in comparison to other EDFs. The modification of nuclear magnetic moments by isoscalar tensor couplings was already investigated in [24] and a possible origin in the framework of RMF models was discussed there. Tensor couplings of nucleons to ω and ρ mesons in relativistic Hartree-Fock (RHF) calculations were considered first in [25] and several studies followed. For instance, in [26] the influence of tensor couplings on pseudospin-orbit splittings was investigated, and in [27] a new parametrisation, PKA1, for RHF calculations with density dependent couplings was introduced. The effects on the evolution of shell gaps and spin-orbits splittings were explored in [28] and in [29] , respectively, in comparison to other relativistic EDFs. Another series of RHF parametrisations was presented in [30] with an extensive exploration of the effects. The Zimanyi-Moszkowski version of the RMF Lagrangian was generalized in [31] with a ω tensor coupling contribution to increase the small spinorbit splitting of the original model. In spite of all these investigations no comprehensive understanding of the role and importance of tensor couplings in relativistic EDFs has been reached and, hence, they are usually not taken into account in most models.
A specific feature of tensor couplings is the fact that they contribute to the strength of the spin-orbit splitting in nuclei. In standard RMF calculations of spherical nuclei the size of the energy splitting between single-nucleon levels of identical orbital angular momentum l but different total angular momentum j = l ± 1/2 is tightly correlated with the scalar potential S i and the Dirac effective mass m * i = m i − S i of a nucleon i with vacuum mass m i . The introduction of tensor couplings can lift this correlation and allows to increase the effective mass that is usually considered to be smaller than expected to describe the level density near the Fermi energy. In calculations of nuclear matter, however, tensor couplings do not contribute in the conventional mean-field approximation of spatially uniform systems since their effect depends on spatial derivatives of densities.
It was realized early on that an effective medium dependence of the interaction has to be included in relativistic approaches in order to improve the description of nuclei and nuclear matter quantitatively. One major class of models considers a self-coupling or cross-coupling of the mesons leading to an increase of the number of model parameters. A second class introduces a density dependence of the meson-nucleon couplings. It can be arbitrarily varied depending on the selected form of the function. In addition, a specific feature of relativistic models can be exploited in this approach. There are various types of densities and currents that can be formed in a Lorentz covariant way from the nuclear wave functions and that can enter as argument in the coupling functions. The most common approach is a so-called vector density dependence. In contrast, scalar or other density dependencies are hardly used in recent EDF parametrisations even though they were discussed in some of the first applications of the RMF model [32, 33] . Depending on the choice of a vector or scalar density dependence, so-called rearrangement terms appear in the vector or scalar mean fields, respectively, in addition to the regular meson contributions. They are essential for the thermodynamic consistency of the theory. Differences between models with different density dependencies seem to be small in the density range where they are constrained by nuclear data but problems may arise is some parts of the phase diagram of nuclear matter under particular conditions [34] .
In this work a new set of parametrisations for relativistic EDFs is introduced with a vector or a scalar density dependence of the couplings and the effects of tensor couplings are studied. The model parameters are usually determined by minimising an objective function that depends on the differences between calculated and measured nuclear data weighted by (inverse) uncertainties. The latter are mostly set heuristically to certain fixed values. These are assumed to be of reasonable size matching the expected quality of the model. These uncertainties are generally larger than the experimental errors of the considered nuclear data. Here a modified approach is followed. It allows to adjust the uncertainties during the determination of the model parameters in the fitting procedure, see, e.g., [35] . Thus the uncertainties are obtained in a self-consistent way and give a new possibility to judge the quality of the EDF.
The content of this study is organised as follows: In section 2 the theoretical formalism is introduced assuming a density dependence of the minimal meson-nucleon couplings supplemented with tensor couplings of the nucleons to ω and ρ mesons. The specific applications of the model to spherical nuclei and cold uniform nuclear matter are discussed in detail. The procedure to determine the model parameters is outlined in section 3. This includes the choice of the coupling functions, the observables and nuclei as well as the definition of the objective function. Furthermore a set of EDFs is defined that take different effects into account. A presentation of the results follows in section 4 with numerical details of various EDF parametrisations, the corresponding nuclear matter parameters, figures with the density dependence of various quantities and a discussion of the fit quality. Conclusion are given in section 5 and the conversion of model parameters is discussed in the appendix.
Relativistic energy density functional
The traditional starting point to derive a relativistic EDF is a Lagrangian density L with nucleons and mesons as degrees of freedom. Here we follow mostly the notation in [34] and include the necessary terms for the tensor couplings. Natural units withh = c = 1 are used throughout. Neutrons (i = n) and protons (i = p) are represented by four-spinors Ψ i . Hyperons or other baryons are not considered in the present work. Usually, four types of mesons are considered: isoscalar ω and σ mesons and isovector ρ and δ mesons where the first of the two pairs is a Lorentz vector field and the second is a Lorentz scalar. The corresponding fields carry the same quantum numbers as the experimentally observed mesons but cannot necessarily be identified with them directly. In order to have a clear and simple representation, their fields are denoted with the same symbol as their name, however Lorentz vector mesons carry an index due to their four-vector nature. Quantities in bold face can be vectors in coordinate space or in isospin space depending on the context. Besides mesons the electromagnetic interaction is included using the symbol A µ for the field. All relevant equations can be derived from L by standard procedures depending on the employed approximations.
Lagrangian density and field equations
The relativistic Lagrangian density can be written as a sum
of three contributions. The first one
contains the nucleon fields Ψ i , Ψ i = Ψ † i γ 0 and their coupling to the meson fields with standard relativistic matrices γ µ and σ µν . In the covariant derivative
the Lorentz vector mesons ω and ρ appear. The isospin matrices τ k (k = 1, 2, 3) are components of the vector τ in isospin space in analogy of the Pauli matrices σ k . Γ γ is the electromagnetic coupling constant andΓ j are the mesonnucleon couplings that are functionals of the nucleon fields Ψ i and Ψ i . The effective mass operator for neutrons (i = n) and protons (i = p) with vacuum rest mass m i
depends on the Lorentz scalar fields σ and δ. Finally, the contribution with the tensor coupling
contains the field tensors G µν = ∂ µ ω ν − ∂ ν ω µ and H µν = ∂ µ ρ ν −∂ ν ρ µ of the Lorentz vector mesons. Due to the factor m p in the denominator, the couplings Γ T ω and Γ T ρ are dimensionless quantities. There is no standard convention in the literature on how to write the tensor coupling term. Thus the size of the couplings is not always comparable immediately. The term
in (1) describes the free mesons and
with
The couplingsΓ j of the mesons j = σ, ω, ρ or δ in (3) and (4) depend either of the vector density
with the total nucleon current
or the scalar density
where k defines the single-particle state and w ik is the occupation factor. Both quantities defined in (8) and (10) are Lorentz scalars. From the Lagrangian density (1) the field equations of all degrees of freedom are found from the Euler-Lagrange equations treating the mesons and the electromagnetic field as classical fields. Applying the usual mean-field and no-sea approximation and exploiting the symmetries of a stationary system, the field equations assume a simple form in a particular frame of reference. The couplingsΓ j become simple functions Γ j depending on the total vector density n (v) = n
n or the total scalar density n (s) = n (s) p + n (s) n with single nucleon contributions given below.
In the case of nucleus with spherical symmetry, the wave function ψ ik of a nucleon i in single-particle states k is a solution of the time-independent Dirac equation
with single-particle energy E ik and the Hamiltonian
that contains three types of potentials. Due to the symmetries, only a single component of the Lorentz vector and isospin vector fields remains. Thus the notation is simplified to δ, ω 0 , ρ 0 and A 0 without an additional index for the isospin. The scalar potential
and the vector potential
contain rearrangement contributions
if the couplings depend on the scalar density or
if the couplings depend on the vector density. The factors g nσ = g pσ = g nω = g pω = −g nρ = g pρ = −g nδ = g pδ = g pγ = 1 and g nγ = 0 in (13) and (14) reflect the different coupling of neutrons and protons to the meson fields. The quantities n σ , n δ , n ω , and n ρ are source densities in the field equations of the mesons. They are given in subsection 2.2. The tensor potential
with f pω = f nω = f pρ = −f nρ = 1 depends on the derivatives of the meson fields and is particularly large at the surface of a nucleus due to the rapid change of the meson fields.
The field equations of the mesons can be written as
with tensor currents
and
for the Lorentz vector mesons. The electromagnetic field is determined by the Poisson equation
without a mass term. In case of nuclear matter, the tensor potential (17) is zero and the meson field equations reduce to a simple form without derivative terms. Furthermore the electromagnetic field A 0 vanishes.
Nucleon wave functions and densities
In a spherical nucleus, the wave function of a nucleon in the single-particle state k is conveniently represented by the two component form
with real radial wave functions F iκ k and G iκ k . The spinspherical harmonics Y κ k m k describe the angular and spin dependence of the state that is characterized by the quantum number κ k = ±1, ±2, . . . and the projection m k = −j k , . . . , j k with total angular momentum j k = |κ k | − 1/2 and orbital angular momentum l k = j k − κ k /(2 |κ k |).
The radial wave functions F iκ k and G iκ k are found by solving the eigenvalue problem
with the Hermitian matrix
and the boundary conditions F iκ k (0) = G iκ k (0) = 0 and lim r→0 F iκ k (r) = lim r→0 G iκ k (r) = 0 for bound singleparticle states. In the actual numerical calculation the Lagrange-mesh method [36] is used. Assuming equal occupation of the sub-states for a given κ k to guarantee the sphericity of the source densities and potentials, the single-particle vector density is given by
with the normalization
The scalar density has the form and n
and the tensor current can be written as
with the density
A summation over all single particle states gives the total scalar (a = s), vector (a = v) and tensor (a = t) densities
for protons and neutrons. The quantities w ik = 0 or w ik = 1 are the occupation factors for the different single-particle states with k w pk = Z and k w nk = N when Z and N are the charge and neutron number of the nucleus, respectively. Then the source terms in the meson and electromagnetic field equations (18) -(24) can be expressed as
for the scalar mesons j = σ, δ and
for the vector mesons j = ω, ρ and the electromagnetic field j = γ. The tensor currents in (20) and (21) are
for j = ω, ρ.
For nuclear matter at zero temperature the solutions of the Dirac equation (11) are simple plane waves depending on a momentum p i . The summation over individual states k is replaced in the continuum approximation by an integration over momenta up to the Fermi momentum p * i and the total vector density can be written as
with degeneracy factor g i = 2 for the spin 1/2 nucleons. The total scalar density is
with the effective chemical potential
and the Dirac effective mass
The tensor currents (22) and (23) entering the meson field equations (20) and (21) give no contribution in nuclear matter since they do not vary in space.
Energy density functional
The energy density ε of the considered system is obtained from the energy-momentum tensor. It can be expressed as a sum ε = ε nucleon + ε field
of two contributions for a nucleus with a simple summation
over the single-particle states in the first term and the field energy density
with rearrangement contributions and total vector and scalar densities n (v) = n
n , respectively. Integrating over all space the total energy
is found with explicit tensor contributions when the field equations and partial integrations are applied.
In the case of cold nuclear matter the energy density can be expressed as
with the kinetic contribution
and the factors C j = Γ 2 j /m 2 j and their derivatives D (s) j = dC j /dn (s) with respect to the scalar density. The latter are nonzero only for couplings Γ j that depend on the scalar density n (s) . The pressure assumes the form
and the derivatives D 
with the chemical potentials µ i , see (39) , is easily verified.
For the calculation of the incompressibility K of symmetric nuclear matter at the saturation density n sat it is useful to know the density derivative of the pressure in isospin symmetric nuclear matter. For this purpose also the second derivatives E
With n (s) = n σ and n (v) = n ω in this case, the derivative of the pressure is given by the lengthy general expression dp
with the derivative
that contains the factor
Then the incompressibility is found from
at the saturation density. For a vector density dependence of the couplings, the terms with D Analogously, D
= 0 for a scalar density dependence.
The symmetry energy of nuclear matter is given by
as a second derivative of the energy per nucleon
with respect to the neutron-proton asymmetry δ = (n
p is the baryon density. The symmetry energy at saturation J = E sym (n sat ) and the slope parameter L = dE sym /dn b | n b =nsat are then easily obtained.
Determination of model parameters
The nuclear EDF with density dependent couplings constitutes a phenomenological approach to describe properties of nuclei and nuclear matter. It depends on some parameters that have to be determined so that the calculated observables agree with experimental data as far as possible. The statement of 'best agreement' has to be made more precise and quantitative by defining an objective function that depends on the selected observables, the associated uncertainties and its functional form. Once it is fixed the parameters of the model can be found by appropriate numerical fitting strategies. Usually the objective function is not changed during the process of parameter determination. However, in the present study, the uncertainties of the different observables will be adjusted in order to find values that give a true representation of their size.
Parameters and density dependence of couplings
Some parameters in the density functional are kept constant during the fitting procedure. These are the masses of the nucleons and that of the ω, ρ, and δ meson. In this work the same values as in [34] are used, i.e., m p = 938.272081 MeV, m n = 939.565413 MeV, m ω = 783 MeV, m ρ = 763 MeV, and m δ = 980 MeV. In constrast, the mass m σ of the σ meson is used as a variable parameter because it has the longest range of the mesons with the strongest finite-range effects.
All other parameters enter via the couplings of the mesons with the nucleons. Their number will depend on the functional form of the density dependence and the way it is parametrised. All couplings can be written in the form
at a reference density n ref and an arbitrary function f j that depends on an argument x = n/n ref with condition f j (1) = 1. The density n can be the vector density n (v) or the scalar density n (s) . In the present work we use the rational form
as introduced in [37] with four parameters a j , b j , c j , and d j for the isoscalar σ and ω meson. The normalisation condition at n ref , i.e., x = 1, fixes
. As a second constraint on the function (59) the condition f ′′ j (0) = 0 is demanded. This leads to the relation 3c j d 2 j = 1. In total there are only two independent parameters, e.g., b j and c j , for the density dependence of the isoscalar mesons ω and σ. For the isovector ρ and δ mesons the same exponential form
as in [37] is chosen with a single parameter a j . The tensor couplings Γ T ω and Γ T ρ are assumed to be constant. In principle, the parameters entering the coupling functions can be used directly in the fitting procedure. However, they can be highly correlated and it is more convenient to use nuclear matter parameters as independent variables. See the appendix for the conversion of one set of parameters to the other.
Observables
The parameters of the relativistic energy density functional can be determined by fitting experimental observables of atomic nuclei and empirical data of nuclear matter that are obtained with extrapolation methods from nuclear observables. Since these nuclear matter quantities might be affected by some model dependence in such a process, only directly observable quantities of nuclei are considered in this work.
There are three types of nuclear observables that are considered in this work: binding energies, quantities related to the charge form factor, and spin-orbits splittings derived from single-particle energies of the nucleons. The binding energy B N,Z of a nucleus with N neutrons and Z protons is obtained from the total energy (44) . Since the long-range behaviour of the Coulomb field, which is obtained from solving equation (24), is not correct for the motion of a proton with respect to the core of a nucleus in the mean-field approximation, a correction is applied by multiplying the field with a factor (Z − 1)/Z for a nucleus with Z protons. The theoretical values of the binding energies can only be compared to experimental data if a center-of-mass correction E (cm) N,Z is subtracted from the total energy (44) . This correction is calculated as the expectation value
from the total many-body wave function with the total momentumP = A n=1pn that is as sum of all nucleon momenta and M N,Z = N m n + Zn p . A center-of-mass correction is also applied in the calculation of the charge form factor from the charge distribution of the nucleus as explained in [34] . From the charge form factor the charge radius, diffraction radius and surface thickness are extracted, see [16] for details. Finally spin-orbit splittings of nuclear level pairs with equal l and j = l ± 1/2 close to the Fermi energies of neutrons and protons are used as observables. Their values are obtained from the excitation energy spectrum of neighboring nuclei with one nucleon more or less than the nucleus of interest. This method is most reliable only for closed-shell nuclei where prominent single-particle resonances are found and a fragmented distribution of strength over several levels is not observed.
Since pairing effects are not included in the present density functional calculations, the set of nuclei in the fit of the parameters reduces further to those where these effects are unimportant. Thus the set of nuclei used here is rather limited. It comprises 16 O, 24 O, 40 Ca, 48 Ca, 56 Ni, 90 Zr, 100 Sn, 132 Sn, and 208 Pb but the essential effects of the choice of the couplings on the quality of the fit can already be seen clearly. The experimental data for these nuclei are given in table 1 of reference [34] . There are N = 12 for the spin-orbits splittings, hence N obs = 5 different observables and N data = 37 experimental data in total.
Objective function and uncertainties
The optimal fit of the model parameters to the experimental data is found from a minimisation of the function
for each observable i by varying the parameters p k . This is achieved in the multidimensional parameter space by applying the simplex method as specified in [38] . However, the uncertainties ∆O i are not kept constant during the fit as in [34] but they are re-scaled periodically after a certain number of iteration steps so that
is the same for all observables and
with the number of degrees of freedom N dof = N data −N par and the number of data N data = N obs i=1 N (obs) i = 37. Under this condition, the obtained uncertainties are determined self-consistently with the energy density functional and have a reasonable size. Thus more information is obtained than in a simple χ 2 fit with uncertainties that are fixed from the outset.
From the χ 2 function (62) the symmetric matrix
can be formed at the position p min = (p min 1 , . . . , p min N obs ) of minimum χ 2 . It is used to calculate the covariance
of any two observables A and B [39] . Then the uncertainty (one-σ confidence level) of an observable A can be defined as
and the correlation coefficient is given by
that assumes values between −1 and 1. At these limits the two observables are fully (anti)correlated. The case c AB = 0 means that the observables are totally uncorrelated.
Selection of energy density functionals
The effect of the tensor couplings on the quality of the theoretical description of nuclei is most easily seen in comparison to conventional relativistic EDFs with density dependent couplings that are obtained with the same strategy to fit the model parameters. Hence, a variety of models is considered in this work. The basic EDF contains only ω, σ, and ρ mesons that couple minimally to the nucleons. This type of model contains eight independent parameters that are found with the methods as described above.
Then the EDF is extended to include also ω and ρ meson tensor couplings increasing the number of parameters to ten. In a further step, the δ meson is included as a new degree of freedom with one additional parameter. The nuclear incompressibility is kept fixed in all these EDFs at K = 240 MeV, a representative value of relativistic meanfield models [5] that is inside the range of favoured values from the analysis of the energy of isoscalar giant monopole resonances in nuclei, however, no unanimous agreement has been reached so far, see, e.g., [40] . Without using this observable directly in the fit of parameters it is difficult to obtain reasonable values of K. For these three types of EDFs one set with couplings depending on the vector density and one set with scalar density dependencies are investigated bringing the total number of models to six.
Results

Couplings
After performing the fit of the EDFs to the properties of finite nuclei using the approach as described in section 3, the parameters for the best description are obtained. The numerical values are given in tables 1 and 2, including the mass of the σ meson, the couplings at the reference density (vector or scalar) and the parameters defining the density dependence of the couplings. Some obvious correlations of individual quantities with the type of EDF are found. The introduction of tensor couplings (models DDVT, DDST) leads to reductions of the σ meson mass and of the ω and ρ coupling strengths as compared to the standard models (DDV, DDS). This feature is related to the increased Dirac effective mass, see below. The ratio Γ σ /m σ , which is the relevant quantity for calculations of nuclear matter, changes less strongly between the models. The ρ meson tensor coupling is substantially larger than the ω meson tensor coupling as observed, e.g., already in [2, 22] . Also an increase of the reference densities, n . The latter case would cause the coupling to vanish and to become negative at very high densities. However, this is not relevant for calculations of nuclear structure or nuclear matter at reasonable baryon densities since they are much lower than the zero-crossing densities.
The actual density dependence of the couplings is depicted in figures 1 and 2 for the cases of a vector or scalar density dependence, respectively. Only the ω, σ and ρ couplings are shown because the δ coupling has the same shape as the ρ coupling if it is nonzero. A typical decrease of the couplings with increasing density is observed. All couplings behave rather similarly. The ρ meson coupling decreases more strongly than the ω and σ couplings. It vanishes at infinitely high density because the exponential form (60) was chosen. The situation is different for the isoscalar mesons. They approach a nonzero finite value in this limit. The variations between the parametrisations are less strong for the ρ meson as compared to the isoscalar mesons.
Uncertainties of observables
The introduction of tensor couplings in the energy density functional also affects the uncertainties of nuclear observables that enter in the calculation of the χ 2 function (63). They are given in table 3 and shown in figure 3 . Most striking is the reduction of the uncertainty in the binding energies (upper panel) and in the diffraction radii (lower panel) when the tensor couplings are considered. In contrast, the charge radii and skin thicknesses are only described slightly worse than in the models without tensor interaction. Taking the δ meson into account does not make a big difference. The uncertainties of the spin-orbit splittings are almost the same for all models. The observed trends are very similar for models with a vector or a scalar density dependence of the couplings. Overall, terms with tensor couplings seem to be a valuable contribution in the EDF to improve the description of nuclear observables.
Nuclear matter parameters
With the fitted parameters of the energy density functionals, the characteristic parameters of nuclear matter can be calculated easily from the dependence of the energy density (45) on the baryon density n b and the isospin asymmetry δ. They are given in tables 4 and 5 with uncertainties, including the σ meson mass and the average Dirac effective mass m * = (m * n + m * p )/2 at saturation in symmetric nuclear matter.
The most notable result of including tensor couplings is the substantial rise of the Dirac effective mass at saturation and the drop in the mass of the σ meson. At the same time the uncertainties of these two quantities rise in the parametrisations with tensor couplings. In conventional relativistic energy density functionals without tensor couplings the Dirac effective mass has to be rather small in order to find a reasonable size of spin-orbit splittings in nuclei. The proper binding energy per nucleon is primarily determined by the difference V −S of the vector and scalar potentials whereas the spin-orbit splitting depends on the gradient of the sum V + S. Hence, in order to describe both observables reasonably well, strong constraints are put on the size of V and S themselves and thus on the couplings of the ω and σ mesons. With tensor couplings, there is an additional contribution to the spin-orbit potential. The Dirac effective mass can be larger and the σ meson coupling smaller than usual, cf. table 1. Since effects of the tensor couplings are related to the variation of the densities, it is of no surprise that other quantities that are sensitive to the description of the nuclear surface are also affected. This is particular true for the mass of the σ meson because its low mass determines the range of the interaction.
Another effect of tensor couplings is the slight increase of the saturation density of nuclear matter, whereas the binding energy per nucleon is less affected as seen in table 4. These two quantities are rather well constrained in the fit as the small uncertainties show. The skewness Q, however, is varying strongly between the models and is rather unconstrained, even though large negative values are preferred.
The symmetry energy J and its slope parameter L are also influenced by the introduction of the tensor couplings as seen from table 5. Both values reduce, in particular the slope parameter, when tensor couplings are introduced. The uncertainty of J is usually in the order of 7% for the DDV and DDS models or below 4.5% for the other parametrisations. The slope parameter L is much less constrained with uncertainties around 30%. The symmetry energy incompressibilities K sym are always found to be negative with values correlated to J and L. The (negative) values of K τ,v vary over a much larger range. In both cases the uncertainties are much larger for parametrisations with a scalar density dependence of the couplings.
Equation of state and symmetry energy
The nuclear matter parameters characterise the equation of state (EoS) only close to saturation density and isospin asymmetry zero. A larger range of baryon densities is explored in figures 4 and 5 for symmetric nuclear matter and pure neutron matter, respectively. The results of the calculations with the best parameters are depicted with thick lines or dots. The uncertainty band is given by the corresponding thin lines and small dots with the same colors. There is hardly any difference between the models for the energy per nucleon up to nuclear saturation density. Different trends are seen at higher densities. This is obvious because the fit of the models to observables of nuclei is sensitive essentially only to the sub-saturation region as higher densities are not found in finite nuclei.
The models with a vector density dependence of the couplings (upper panel of figure 4 ) behave very similarly in the case of symmetric nuclear matter with a slight reduction of the stiffness when tensor couplings are included in the model. The ordering is similar in case of pure neutron matter (upper panel of figure 5 ) but the effect of softening is a bit stronger.
The situation is different for models with a scalar density dependence. Here, the models DDST and DDSTD are almost identical and much softer than the other two parametrisations. This is true for symmetric nuclear matter as well as pure neutron matter. The EoS of model DDS is stiffer at high densities than that of DDV, both without tensor interaction. A similar trend is observed for models with tensor interaction. This feature will be explained below when the evolution of effective masses and scalar densities is studied.
The density dependence of the nuclear symmetry calculated according to (56) is shown in figure 6 , again for models with vector density dependence (upper panel) and scalar density dependence (lower panel). For baryon densities below saturation there is no big difference between the parametrisations as expected. At higher densities similar effects as in symmetric nuclear matter and pure neutron matter are seen with a strong stiffening for the models with a scalar density dependence. At a density of n b ≈ 0.11 fm −3 all curves of the symmetry energy cross close to a single point and the uncertainty band is most narrow. A similar feature was seen already for the EoS of pure neutron matter. This particular density marks the density of highest sensitivity in nuclei that is below the saturation density of nuclear matter. This crossing of EoS was already observed very early on for Skyrme models [41] .
Taking the δ meson into account in the parametrisations has almost no effect on the EoS of symmetric or pure nucleon matter and the density dependence of the symmetry energy.
Dirac effective masses and scalar densities
The Dirac effective masses m * nuc of the nucleons in symmetric nuclear matter and pure nuclear matter are depicted in figures 7 and 8, respectively. They decrease with increasing baryon density due to the increase of the scalar potential. The effective masses in pure neutron matter are generally lower than those in symmetric nuclear matter. The models DDVT, DDVTD, DDST, and DDSTD show a larger effective mass than the DDV and DDS models, respectively, throughout the covered range of baryon densities in the figures. The scalar potential S has to be less strong to obtain the spin-orbit splitting in nuclei because the tensor couplings give an additional contribution.
The models with scalar density dependence of the couplings exhibit the peculiar feature that the Dirac effective mass vanishes at some density above saturation. At that point the scalar potential S i of a nucleon i reaches the vacuum nucleon mass m i . This can happen only because the rearrangement contribution from the ω meson coupling in (15) increases without bounds for a negative derivative dΓ ω/dn (s) of the ω coupling function. The effect is more pronounced for pure neutron matter than for symmetric nuclear matter with lower collapse densities.
The behaviour of the Dirac effective masses is correlated with vanishing scalar densities at a certain baryon density above saturation, as depicted in figures 9 and 10. In the case of models with couplings that depend on the vector density, there is a smooth and continuous rise of the scalar densities with decreasing slope (upper panels). In contrast, the scalar density in the models with scalar density dependent couplings first rise and then decline reaching zero eventually (lower panels).
The decrease of the effective masses and scalar densities at high densities for the models with a scalar density dependence of the couplings modifies the kinetic contributions (48) to the pressure of the system. In other models, the decline of m * i with baryon density is partly compensated by a rise of n in models with couplings of scalar density dependence reduces much faster at higher baryon densities and a stiffer EoS is expected as confirmed in figures (4) and (5).
Conclusions
The construction of energy density functionals resulting from relativistic mean-field models leaves ample room for variations. In this work two main aspects of the form of the EDF were studied in more detail: the dependence of the minimal nucleon-meson couplings on the total Lorentz vector or scalar density of the system and the effects of tensor couplings of the isovector mesons with the nucleons. Furthermore, the effect of including the δ meson in addition to the standard isovector ρ meson is explored.
Since relativistic EDFs are phenomenological descriptions of finite nuclei and nuclear matter depending on a certain number of parameters, these quantities, which determine the effective in-medium interaction, cannot be related directly to the free nucleon-nucleon interaction that is well constrained by scattering data. Instead, the model parameters have to be found by a fit to nuclear observables. Contrary to most earlier approaches, a selfconsistent determination of the uncertainties in the χ 2 function was realized in this work leading to more realistic values than from heuristic estimates.
The main results of this work can be summarized as follows. The inclusion of tensor couplings in the relativistic EDF reduces the strength of the isoscalar minimal nucleon-meson couplings as compared to models without tensor couplings. For all mesons a reduction of the couplings with increasing baryon density is found in all cases. The description of finite nuclei improves with tensor couplings, in particular for the binding energies and diffraction radii. The equation of state of nuclear matter is very similar for all models at sub-saturation densities. The characteristic nuclear matter parameters at saturation and the parameters of the EDFs exhibit some correlation with the choice of the density dependence of the couplings and the inclusion of the tensor couplings or not. Saturation densities, binding energies at saturation, symmetry energies and slope parameters of the models are rather well constrained. Higher-order derivatives show much larger uncertainties. At high densities large variations of the predictions of the EoS are observed with a substantial increase of the model uncertainties. The lowest uncertainties are found close to a density of about 0.11 fm −3 where all EoSs cross close to a single point. Models with a scalar density dependence are stiffer at high densities than models with a vector density dependence of the couplings. This observation is related to the collapse of the total scalar density of the system and vanishing effective mass at high baryon densities in approaches with couplings depending on scalar densities. The rearrangement contribution from the dependence of the ω coupling on the scalar density leads to an unlimited increase of the scalar potential in this case. Models with tensor couplings have larger effective nucleon masses than models without. This is possible because the tensor contributions increase the spin-orbit splitting so that a smaller strength of the Lorentz scalar σ meson is needed to fit the nuclear data.
In order to avoid the problems with the scalar density dependence of all couplings, a change to a mixed density dependence can be considered, i.e. a dependence of Lorentz vector meson couplings on the vector density and Lorentz scalar meson couplings on the scalar density. Models of this type have been explored in [34] but without tensor couplings and without a self-consistent determination of the uncertainties of the fitted observables.
Another aspect is also worthwhile to be investigated further. In the present approach, the incompressibility of nuclear matter was kept to a fixed value because a fit to only ground state properties of finite nuclei does not help to fix this quantity very well. Properties of excited states like giant resonances, in particular the isoscalar giant monopole resonance, have to be included in the fitting procedure and can help much better to find proper values of K, see, e.g., [42] .
In general, a better description of surface properties of finite nuclei will be very rewarding by considering appropriately chosen new terms in the EDF. It is known that the incompressibility of nuclear matter is closely related to the surface thickness and surface tension as expressed by the so-called pocket formula [43, 44] . More precise experimental data on the neutron skin thickness would help to determine the isovector parts of the EDF more precisely.
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or D (s) j and second derivatives E (v) j or E (s) j as defined in subsection 2.3. Then these quantities are used to calculated the parameters a j , b j , c j , and d j of the rational function (59).
In the parameter conversion, the average nucleon mass m nuc = (m p + m n )/2 is used and the real nuclear matter parameters are calculated numerically at the end of the fitting procedure with the correct nucleon masses to be independent of this averaging.
The saturation density n sat defines the Fermi momentum p * sat = 3π 2 2 n sat and
with the binding energy per nucleon B sat . Furthermore the factor (54) at saturation
is defined for later convenience. For the next step one has to distinguish the type of density dependence.
In case of a vector density dependence with n ref = n (v) sat there is no rearrangement contribution to the scalar potential, S (R) sat = 0, and the σ coupling
and thus Γ σ (n ref ) for given m σ are immediately obtained. The vector coupling is found with (45) to be
in symmetric nuclear matter. Then the rearrangement contribution to V sat is
and the derivatives
are determined with the auxiliary quantity f ′ ω (1) . Defining
the second derivative
is found from the incompressibility K using (50) and (53). The calculation proceeds slightly differently in case of couplings that depend of the scalar density. It is more complicated because both expressions (50) and (53) depend explicitly on the second derivatives of the couplings. Since the rearrangement contribution V (R) sat is zero, the ω coupling
is directly found as well as the derivatives
where the reference density n ref is now identical to the scalar density n because the pressure (47) is zero at the saturation density. If one defines the auxiliary quantity
as the ratio of 
In the next step of the parameter conversion, the couplings C σ and their derivatives are used to define the function derivatives
where x = v or s depending on the type of density dependence.
The corresponding values f ′ ω (1) and f ′′ ω (1) are already known because they were used as original parameters in the fit.
Finally the quantities f ′ j (1) and f ′′ j (1) for j = ω and σ are used to determine the actual parameters of the rational function (59). For this purpose, the first and second derivatives of the function (59) are needed. They are given by
where the condition f ′′ j (0) = 0 leads to the condition c j = 1/(3d 2 j ). With the known ratio
an equation to determine d j is obtained. The function
Only this branch is considered in the present parameter fits. With the known d j and then c j , the parameter b j is found from the ratio
with the auxiliary quantity
Finally, the parameter a j is found from the normalisation condition f j (1) = 1 as 
